Transdermal therapeutic systems have been developed by conceiving effective enhancement methods against the stratum corneum (SC) barrier function.
Mechanisms of Synergistic Skin Penetration by Sonophoresis and Iontophoresis
Tomohiro HIKIMA,* Shinya OHSUMI, Kenta SHIROUZU, and Kakuji TOJO The mechanism of skin penetration enhancement by ultrasound under sonophoresis (US) or by an electrical field under iontophoresis (IP) was investigated using hairless mouse skin in vitro. The seven model chemicals with different molecular weights (122-1485) were dissolved in a hydrophilic gel. Donor gel with the chemicals was loaded on the skin surface and then the skin was treated with US (300 kHz, 5.2 W/cm 2 , 5.4% duty-cycle) and IP (0.32؎ ؎0.03 mA/cm 2 ) individually or with US and IP in combination (US؉ ؉IP). The penetration profiles of the chemicals with a molecular weight of less than 500 were influenced by the presence of an electric charge, the profiles of ionized chemicals for US؉ ؉IP were the same as profiles for IP, while the penetration flux of a non-ionized chemical synergistically increased with US؉ ؉IP compared with the individual flux of US and IP. The chemicals with molecular weight of more than 1000 showed synergistic effects with US؉ ؉IP. The mathematical simulation gel (2.0 ml) was added to one side of a gel folder on the skin and the same volume of blank gel without chemical was added to the other side. At predetermined time intervals, samples of receptor solution (0.4 ml) were withdrawn for by HPLC assay. All animal studies conformed to the "Principles of Laboratory Animal Care," NIH publication #85-23, revised 1996. The mice were killed by an experienced individual.
US and IP Treatment One side of the skin was treated for 30 min with US (frequency, 300 kHz; intensity, 5.2 W/cm 2 ; pulse mode, 5.4% duty cycle) using a US generator Sonoion (Kagoshima Supersonic Technical Laboratory Co., Ltd., Kagoshima, Japan) and the other side was left untreated. A calorimetric method was used to evaluate the US intensity of Sonoion. 11) On the other hand, IP was applied to the skin for 1 h with a battery-powered (4LR44, 6.0 V) ION egg (current density, 0.32Ϯ0.03 mA/cm 2 ; LaSeine Co., Ltd., Osaka, Japan). After the donor gel and blank gel were added to each side of the gel folder, platinum electrodes with a half moon shape were placed on both gels. The electrode on the donor gel was changed by an electric charge of the chemical; the anodal electrode on the donor gel was represented as IP(ϩ) and the cathodal electrode was IP(Ϫ).
Analytical Methods All model chemicals were assayed in the HPLC assembly LC 10A system (Shimadzu Co., Ltd., Kyoto, Japan) with four kinds of HPLC columns: a YMC Pack ODS-AM (4.6 mmϫ150 mm, YMC Co., Ltd., Kyoto, Japan) for BA and LC, a Wakosil II5C18RS (4.6 mmϫ 150 mm, Wako Pure Chemicals Industries) for TM, a TSK gel ODS 80Ts (4.6 mmϫ150 mm, Tosoh Co., Tokyo, Japan) for IM and HC, and an L-column ODS (4.6 mmϫ150 mm, Chemical Evaluation and Research Institute, Tokyo, Japan) for VB and VH. The column oven of the system kept at 40°C. The other assay conditions are summarized in Table 2 .
RESULTS

Effects of the Application Order of IP and US
The skin penetration of VB was investigated using two different treatment methods with USϩIP (Table 3 ). Method I indicates that the skin was treated with US for 30 min and IP(ϩ) for 1 h at the same time at 3 h from the start of the experiment. In method II, the skin was treated with US for 30 min at 1 h from the start of the experiment and IP(ϩ) was applied for 1 h after a 3-h time lag. The penetration flux in method II was 3.5-fold greater than that in method I. Thus the skin was treated with a time lag for USϩIP in all experiments.
Chemicals with Molecular Weight of Less Than 500 The skin penetration was investigated for five model chemicals with a molecular weight of less than 500 and a different electric charge at pH 7.4; LH (Fig. 1a) and TM have a positive charge, BA (Fig. 1b) , IM has a negative charge, and HC ( Fig. 1c) is neutral. The penetration flux with individual or combination treatment is summarized in Table 4 . The penetration enhancement factor of ionized chemicals for IP(ϩ) or Chemicals with Molecular Weight of Greater Than 1000 The penetration fluxes of VB and VH are summarized in Table 4 . The penetration flux of the nonionized chemical VB for USϩIP (177-fold greater than that of the control) was almost the same value as the multiplication product of that for US (10.7-fold) and IP(ϩ) (19.6-fold). The same phenomenon occurred for the ionized chemical VH. Thus the synergistic effects of USϩIP was achieved for chemicals with molecular weight of greater than 1000 irrespective of the electric charge.
DISCUSSION
SC damage was mainly caused by water absorption from the donor solution 12) and putrefaction owing to microorganisms on SC.
13) The penetration flux showed no drastic increase since the SC was barely damaged before 12 h after the start of an experiment (Figs. 1 to 5 ). This finding suggests that no SC damage occurred due to in vitro experiments.
The synergistic effects of skin penetration of VB with USϩIP were previously reported.
7) The skin was treated at different timing with US and IP; the skin was pretreated with US before starting the experiment and then IP was applied as in method II. US treatment increased the diffusivity of molecules in the skin and the skin surface concentration, 14) and IP application enhanced the electroosmosis across the SC. As shown in Table 3 , the synergistic effects appeared in the separate treatment (method II) and not in the simultaneous treatment (method I) with US and IP. It is therefore desirable for IP to be applied to skin pretreated with US.
The nonionized and high molecular-weight chemicals showed synergistic effects on penetration flux (Table 4 ). The mechanism of skin penetration enhancement by IP added electrorepulsion and electroosmosis to passive diffusion, an electroosmosis increased the flux of nonionized chemicals. 15) To investigate the effects of electroosmosis on skin penetration, the penetration profiles of LH, HC, VB, and VH were simulated using the penetration parameters from the separate in vitro penetration experiments and the PC software SKIN-CAD assuming the bilayer (SC and VS) skin model. 8) SKIN-CAD requires the diffusion coefficient D and partition coefficient K of a penetrant in the SC and VS which are evaluated from the penetration profiles of both the intact and stripped skin.
8) The degree of electroosmosis was evaluated based on the Péclet number [-] /s] is the diffusion coefficient in the SC. When simulating USϩIP, P e Ј was calculated using DЈ sc , which was determined from the penetration profile of skin treated with US. The simulated and experimental profiles are shown in Figs. 2 to 6 . The parameters used for the simulation are given in each figure caption. The simulated profiles of LH agreed with the experimental profiles for both IP (Fig. 2a) and USϩIP (Fig. 2b) treatments. Other chemicals with a molecular weight of less than 500 and an electric charge also showed the same phenomena (data not shown). This finding indicates that the flux of these chemicals was enhanced mainly by electrorepulsion. Therefore the synergistic effects of USϩIP did not occur on chemicals influenced by electrorepulsion.
On the other hand, the simulated fluxes of HC enhanced synergistically by USϩIP were obviously different from the experimental profiles for IP (Fig. 3a) and USϩIP (Fig. 4a) . The value of D sc (2.9ϫ10 Ϫ12 cm 2 /s) was obtained from the penetration profiles across intact and stripped skin, and then P e , the dimensionless convective flow, was calculated to be 967 using the parameters h and u of 1.0ϫ10 Ϫ3 cm and 2.8ϫ10 Ϫ8 cm/s, respectively. 14) To fit the simulated profile of HC for IP to the experimental profile, the value of P e must be The P e values of the simulated profile were decreased to 12.4% for VB (P e ϭ80.0) and 8.5% for VH (P e ϭ89.0) to fit the experimental profile, respectively. The PЈ e values of the simulated profile were decreased to 46.5% for VB (PЈ e ϭ20.0) and 85.0% for VH (PЈ e ϭ73.4) to fit the experimental profile, respectively. decreased to 8.0% (P e ϭ77.4, Fig. 3b ). This suggests that electroosmosis during IP application may be overestimated for a nonionized molecule. The value of D sc was increased by US treatment to DЈ sc (6.3ϫ10 Ϫ12 cm 2 /s) and the PЈ e value was 447 (Fig. 4a) . Boucaud et al. reported that the water flux for US treatment (frequency, 20 kHz; intensity, 2.5 W/cm 2 ; pulse mode, 10% duty cycle) showed an increase of 2.5-fold in comparison with that for the control. 16) The PЈ e value decreased to 10.0% in comparison with the value of the simulated penetration profiles to fit the experimental profile (PЈ e ϭ44.7, Fig. 4b ). Chemicals with a large molecular weight also showed the same phenomena irrespective of the electric charge (Figs. 5, 6 ). The P e value of nonionized VB and ionized VH decreased to 12.4% (P e ϭ80.0, Fig. 5a ) and 8.5% (P e ϭ89.0, Fig. 5b ), respectively. USϩIP also reduced the PЈ e value of the two chemicals to 46.5% for VB (PЈ e ϭ20.0, Fig.  6a ) and 85.0% for VH (PЈ e ϭ73.4, Fig. 6b ). The amount of decrease in P e was greater than that in PЈ e . These phenomena support the hypothesis that the mechanism of enhancement by IP was mainly caused by the convective flow rate. 17, 18) Thus chemicals that had increased convective flow with US treatment showed synergistic effects in skin penetration with USϩIP.
CONCLUSION
The synergistic effects of USϩIP treatment on the penetration flux across the skin occurred in nonionized and high molecular-weight (about 1500) chemicals. The skin was treated with US 1 h from the start of experiments, and then IP was applied at a 3 h time lag. US changed the skin structure and resulting increase in the diffusion coefficient in the SC. IP produced the additional physical forces of electrorepulsion and electroosmosis, according to the chemical structure. These phenomena enhanced the movement not only of chemicals but also of water in the SC, and electroosmosis was the key factor in the synergistic effects.
